
 

 

Macropinocytosis controls metabolic stress-driven CAF subtype identity 

in pancreatic cancer 

 

Yijuan Zhang1, Li Ling1, Swetha Maganti1, Jennifer L. Hope1, Cheska Marie Galapate1, Florent 
Carrette1, Karen Duong-Polk1, Anindya Bagchi2, David A. Scott3, Andrew M. Lowy4,5, Linda M. 

Bradley1, Cosimo Commisso1* 

 

 

1Cancer Metabolism and Microenvironment Program, NCI-Designated Cancer Center, Sanford 
Burnham Prebys Medical Discovery Institute, La Jolla, CA, USA 
 
2Cancer Genome and Epigenetics Program, NCI-Designated Cancer Center, Sanford Burnham 
Prebys Medical Discovery Institute, La Jolla, CA, USA 
 
3Cancer Metabolism Core Resource, Sanford Burnham Prebys Medical Discovery Institute, La 
Jolla, CA, USA 
 
4Moores Cancer Center, University of California San Diego, La Jolla, CA, USA 
 
5Division of Surgical Oncology, Department of Surgery, University of California San Diego, La 
Jolla, CA, USA 
 

*Corresponding author: Dr. Cosimo Commisso (ccommisso@sbpdiscovery.org) 

 

Keywords: Metabolic stress; CAF heterogeneity; pancreatic cancer; tumor microenvironment; 
stromal architecture; drug delivery; macropinocytosis 

 

Conflict of interest statement: C.C. is an inventor on a U.S. patent titled ‘‘Cancer diagnostics, 
therapeutics, and drug discovery associated with macropinocytosis,’’ Patent number: US-
11209420-B2. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.11.29.625709doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.29.625709
http://creativecommons.org/licenses/by-nc-nd/4.0/


Summary  

Pancreatic ductal adenocarcinoma (PDAC) tumors are deficient in glutamine, an amino acid that 

tumor cells and CAFs use to sustain their fitness. In PDAC, both cell types stimulate 

macropinocytosis as an adaptive response to glutamine depletion. CAFs play a critical role in 

sculpting the tumor microenvironment, yet how adaptations to metabolic stress impact the stromal 

architecture remains elusive. In this study, we find that macropinocytosis functions to control CAF 

subtype identity when glutamine is limiting. Our data demonstrate that metabolic stress leads to 

an intrinsic inflammatory CAF (iCAF) program driven by MEK/ERK signaling. Utilizing in vivo 

models, we find that blocking macropinocytosis alters CAF subtypes and reorganizes the tumor 

stroma. Importantly, these changes in stromal architecture can be exploited to sensitize PDAC to 

immunotherapy and chemotherapy. Our findings demonstrate that metabolic stress plays a role 

in shaping the tumor microenvironment, and that this attribute can be harnessed for therapeutic 

impact.   

 

Graphical Abstract 
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Introduction 
 

Cancer-associated fibroblasts (CAFs) are a prominent feature of the tumor microenvironment 

(TME) in pancreatic ductal adenocarcinoma (PDAC), and they have multiple roles in modulating 

the activity of both cancer cells and tumor-infiltrating immune cells1-5. CAFs have been 

demonstrated to support PDAC tumor growth through the secretion of cytokines and growth 

factors, providing metabolites, and promoting immune evasion6-9. The extent of heterogeneity 

displayed by pancreatic CAFs is becoming greatly appreciated, and the functionality of the 

different CAF subtypes is thought to vary, with examples of both tumor-promoting and tumor-

suppressive roles in different contexts3,10-18. The majority of CAFs in PDAC tumors are classified 

as myofibroblasts (myCAFs), which strongly express alpha smooth muscle actin (a-SMA) and 

contribute to the desmoplastic TME through the deposition of collagen and other extracellular 

matrix (ECM) proteins19,20. This dense stromal reaction is thought to serve as a barrier that 

impedes both immune cell infiltration and the delivery of chemotherapeutic drugs. Another major 

subtype of CAFs found within the pancreatic TME are the inflammatory CAFs (iCAFs), which are 

a subset of IL-1-induced CAFs that express proinflammatory cytokines and chemokines, including 

IL-6, CXCL-1 and CXCL-1214. Validation by single-cell RNA sequencing has established specific 

markers for myCAFs, iCAFs and other CAF subtypes found within PDAC tumors15. Recent studies 

have revealed that cellular plasticity is an important feature of CAFs. For example, myCAFs and 

iCAFs can be interconverted under different extrinsic stimuli, such as Hedgehog, TGF-b or IL-

1/TNF-a signaling3,20,21. Also, the extrinsic IL-1-induced iCAF phenotype can be potentiated by 

hypoxia signaling or the activation of p38 MAPK in cancer cells22-24. Intratumoral nutrient 

deprivation, such as amino acid deficiency, has been demonstrated to induce metabolic stress in 

PDAC tumors25-27. What is unclear is whether this metabolic stress caused by amino acid scarcity 

can modulate CAF plasticity, heterogeneity, or identity. Moreover, if metabolic stress does impact 

CAF subtypes, it would be beneficial to determine whether such effects can be harnessed to 

sensitize PDAC to immunotherapy or chemotherapy.    

A biological property of CAFs found in the pancreatic TME is the ability to carry out 

macropinocytosis, an actin-dependent endocytic pathway that mediates the non-selective uptake 

of extracellular fluid7. In the context of PDAC, macropinocytosis was first described as an 

important feature of the tumor cells that drives the uptake of extracellular serum albumin, which, 

when targeted for lysosome-mediated degradation, serves as a rich source of protein-derived 

amino acids that the tumor cells use to sustain their proliferative capacity despite the nutrient-

depleted state of the pancreatic TME27-29. Interestingly, recent evidence points to the notion that 
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macropinocytosis is an integral aspect of the metabolic rewiring that occurs throughout PDAC 

tumors, as it is employed by both the cancer cells and the CAFs to support their cellular fitness7,26. 

An additional tumor-promoting feature of macropinocytic stimulation in the CAFs is that the excess 

protein-derived amino acids that are produced by this catabolic pathway can be secreted, 

nourishing the tumor cells. What remains unclear is whether macropinocytic induction in the CAFs 

serves to modulate responses to metabolic stress to support and maintain CAF heterogeneity 

within the TME. Moreover, it is unclear how interfering with macropinocytosis in both the tumor 

cells and the CAFs might alter PDAC progression and the stromal landscape. 

In this study, we find that metabolic stress can trigger an intrinsic inflammatory CAF program in 

PDAC. Using multiple inhibitors of macropinocytosis, we show that enhanced metabolic stress in 

the context of glutamine depletion leads to an increase in iCAF markers and a concomitant  

reduction of myCAF markers, indicating that macropinocytosis functions in maintaining CAF 

subtype identity. Dissection of the underlying molecular mechanism reveals that MEK/ERK 

signaling is the key regulator driving this process. We find that the in vivo inhibition of 

macropinocytosis with 5-(N-ethyl-N-isopropyl)-amiloride (EIPA), a specific macropinocytosis 

inhibitor, causes the suppression of tumor growth that is accompanied by changes in the stromal 

architecture. We observe that EIPA leads to an enrichment of iCAFs and a diminishment of 

myCAFs within the PDAC tumors, which is associated with the specific enhancement of tumor-

infiltrating CD4+ and CD8+ T cells and a proinflammatory TME. Importantly, combining 

macropinocytosis inhibition with immune checkpoint blockade suppresses PDAC progression. 

Lastly, we establish that the decrease in collagen deposition and expanded vasculature 

associated with reductions in the myCAF population allow for the improved delivery of 

chemotherapy to the tumors, resulting in macropinocytosis inhibition synergistically sensitizing 

PDAC tumors to gemcitabine. Overall, our work identifies an intrinsic regulatory program that 

controls CAF heterogeneity in response to metabolic stress and points to the potential application 

of macropinocytosis inhibitors as a strategy to sensitize PDAC to immunotherapy or 

chemotherapy. 
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Results 

Metabolic stress induces inflammatory markers in pancreatic CAFs. 

We and others have shown that glutamine levels are depleted in PDAC in the context of human 

clinical specimens, xenograft tumors and murine syngeneic orthotopic tumors25-27. These previous 

analyses were performed using bulk tumor metabolomics; therefore, we sought to determine 

whether tumor interstitial fluid (TIF) was also depleted of glutamine. To do this, we isolated TIF 

using established procedures30 from both orthotopic and subcutaneous syngeneic tumors. We 

then quantified polar metabolites utilizing gas chromatography–mass spectrometry (GC-MS) and 

compared amino acid levels in the TIF relative to the plasma. In line with previous reports30, we 

found that the TIF was depleted of tryptophan, but enriched in aspartate, glutamate, glycine and 

ornithine (Figure S1A and S1B). We also found that glutamine was significantly depleted from the 

TIF relative to the plasma in both tumor models (Figure 1A). We previously reported that varying 

glutamine levels within the tumors has the ability to control macropinocytosis in both PDAC cells 

and CAFs, allowing both cell types to dial-up or dial-down this uptake pathway as needed to 

acquire protein-derived amino acids and maintain their cellular fitness7,26-29. CAF heterogeneity 

and plasticity has recently become a widely appreciated aspect of tumor progression, especially 

in PDAC 3,11,12,14,15,20. It is not clear how the metabolic stress caused by glutamine depletion within 

the tumors might influence CAF identity. Moreover, whether amino acids provided by the 

macropinocytosis pathway in response to glutamine stress play a role in maintaining or regulating 

CAF subtypes has never been explored. To start to answer these questions, we isolated CAFs 

from murine PDAC tumors that were positive for fibroblast specific protein 1 (FSP1) and 

podoplanin (PDPN), both established CAF markers (Figure S1C). We also verified that the 

isolated cells were negative for E-Cadherin, an epithelial cell marker, and positive for a-SMA, a 

myCAF marker that all CAFs express in culture (Figure S1D). In these murine CAFs, we found 

that macropinocytosis dampens the metabolic stress caused by low levels of glutamine because 

treatment with EIPA, a specific inhibitor of macropinocytosis, further increased the expression of 

Sestrin 2 (SESN2), a marker of amino acid stress (Figures 1B-1E)25,26,31. These data indicated 

that glutamine deprivation combined with macropinocytosis inhibition can lead to enhanced amino 

acid stress relative to either individual condition on its own.  

Using the in vitro cell-based system described above, we next evaluated whether glutamine 

depletion, EIPA or the combination could regulate the expression of an established panel of iCAF 

or myCAF markers15,20. Interestingly, we found that low glutamine and macropinocytosis inhibition 

cooperated to significantly induce the expression of several iCAF and related inflammatory 
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markers, including IL6, CCL2, CXCL1, CXCL2, CXCL12, PDGFRA, AGTR1, IL-1A, IL-1B, CCL7, 

CCL8, and CCL27 (Figure 1F). Concomitantly, we found that low glutamine combined with 

macropinocytosis inhibition also decreased the expression of myCAF markers including ACTA2, 

MYL9, TAGLN, and TPM2 (Figure S1E). Also, the most abundant fibrillar collagens, such as 

COL1A1, COL1A2, and COL3A1, which are pan-CAF markers but are more highly expressed in 

myCAFs relative to iCAFs15, were also reduced (Figure S1F). We also assessed the effects of 

metabolic stress on CAFs isolated from human PDAC patients. Using patient-derived CAFs 

originating from four different patients, we confirmed that low glutamine and macropinocytosis 

inhibition significantly, but heterogeneously, increased the expression of IL6, CXCL2, IL1B, 

AGTR1, and CCL27 (Figure 1G). We next examined whether glutamine depletion combined with 

other macropinocytosis inhibitors could also induce the inflammatory markers in CAFs. Previously, 

we demonstrated that STO-609, a CaMKK2 inhibitor, and Rac inhibitors, could suppress 

macropinocytosis in patient-derived pancreatic CAFs7. We found that treatment with STO-609 or 

EHT 1864, a Rac inhibitor, significantly inhibited macropinocytosis in the murine CAFs (Figures 

S2A, S2B, S2D and S2E). We next examined the effects on the expression of the inflammatory 

markers and found that STO-609 and EHT 1864, like EIPA, significantly induced the expression 

of the iCAF markers (Figures S2C and S2F). Altogether, these data demonstrate that metabolic 

stress caused by a combination of low glutamine and macropinocytosis inhibition can induce an 

intrinsic inflammatory program in pancreatic CAFs. Moreover, our data suggest that part of the 

normal function of macropinocytic induction within the stroma is to support and maintain CAF 

subtype identity and heterogeneity. 

 

The intrinsic metabolic stress-induced iCAF phenotype is linked to protein scavenging and 
is reversible. 

We previously reported that macropinocytosis functions in CAFs to support CAF viability through 

the uptake of serum albumin and the subsequent production of protein-derived amino acids7. We 

hypothesized that if we supplemented the growth medium with high levels of serum albumin (4%), 

then the inflammatory CAF phenotype caused by metabolic stress might be reversed. We initially 

tested the extent to which EIPA could inhibit macropinocytosis when the CAFs are cultured in 

serum albumin as a nutrient source. We found that, as expected, serum albumin supplementation 

dampens the extent of macropinocytosis occurring in the CAFs under conditions where glutamine 

is restricted (Figures 2A and 2B). It should be noted that under these conditions, EIPA only 

reduced macropinocytic capacity by approximately 40-50%, suggesting that the residual 
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macropinocytosis could be sufficient to provide enough serum albumin-derived amino acids to 

suppress the inflammatory phenotype. Next, we cultured CAFs in low glutamine with and without 

serum albumin supplementation and treated the cells with EIPA or vehicle prior to analyzing the 

effects on the expression of the iCAF markers. We found that serum albumin diminished the EIPA-

driven increases in expression of the inflammatory markers (Figure 2C), which indicates that the 

intrinsic induction of the iCAF phenotype is directly attributable to protein catabolism.  

CAF subtype plasticity has been shown to be an important aspect of tumor progression in several 

cancer types1,3,11,32; therefore, we next sought to assess whether the induction of the inflammatory  

phenotype caused by metabolic stress was reversible. To do this, we cultured CAFs in low 

glutamine and EIPA for 32 hours, at which point the culture media was then replaced with 

glutamine replete media lacking EIPA for an additional 24 hours. We found that the expression of 

the iCAF markers was reversed after switching the cells back to regular media (Figure 2D). Also, 

we determined that the cell morphological changes associated with metabolic stress in the CAFs 

were also reversed (Figure S3A and S3B). These data indicated that the iCAF phenotype 

triggered by metabolic stress is reversible, suggesting that this process could represent a 

previously unappreciated aspect of CAF plasticity.  

 

iCAF markers are induced to a similar or greater extent by metabolic stress relative to 
extrinsic IL-1a stimulation. 

Previous studies have shown that IL-1a secreted by PDAC cells plays a major role in the induction 

of the iCAF phenotype20,22,33. To investigate how the intrinsic metabolic stress-induced 

inflammatory phenotype in CAFs compares to that induced by tumor cell-derived IL-1a, we treated 

CAFs with levels of IL-1a that are equivalent to what is found in PDAC cell-conditioned medium22 

and compared the extent of expression of several iCAF markers relative to low glutamine with 

EIPA. We confirmed that IL-1a induced the expression of IL6, CCL2, CXCL1, CXCL2 and IL1A 

itself; however, we noted that the metabolic stress caused by low glutamine and macropinocytosis 

inhibition induced a broader panel of markers, and in many cases at higher levels (Figure S3C). 

Taken together, these data demonstrate that the intrinsic iCAF program regulated by metabolic 

stress can contribute to CAF subtype identity to a similar extent as non-autonomous 

reprogramming.  
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The metabolic stress-induced inflammatory CAF signature is driven by MEK/ERK signaling.  

We and others have previously demonstrated that glutamine stress activates MEK/ERK signaling 

in PDAC cells26,34. Similarly, we found that low glutamine enhanced the levels of phospho-ERK 

(p-ERK) in the murine CAFs (Figure 3A). Macropinocytosis inhibition also enhanced levels of p-

ERK and these levels were heightened when combined with low glutamine (Figure 3A). In the 

patient-derived human CAFs, we found that this combination also enhanced p-ERK levels, 

together with the metabolic stress marker SESN2 (Figure 3B). Importantly, linking the signaling 

output to protein scavenging, the addition of serum albumin rescued the enhancement of 

metabolic stress and MEK/ERK signaling (Figure 3C). To assess the contribution of MEK/ERK 

signaling to the induction of the inflammatory phenotype in CAFs, we treated mouse CAFs with 

SCH772984, a selective ERK inhibitor (ERKi), or trametinib, a selective inhibitor of MEK (MEKi). 

We found that the induction of iCAF markers caused by metabolic stress was suppressed by 

inhibiting MEK/ERK signaling (Figure 3D). Importantly, this was not the case for inhibitors of other 

stress kinases, including p38i, JNK, PI3K, or AKT (Figure S4A). To further study the molecular 

mechanisms underlying the intrinsic inflammatory CAF phenotype, we next assessed the 

expression dynamics of the various inflammatory markers. We found four ‘early phase’ markers 

(IL1A, CCL2, CXCL1 and CXCL2) that were first induced at approximately 4 hours post-EIPA 

treatment and three ‘late phase’ markers (IL1B, CXCL12 and PDGFRA) that were induced at 

approximately 16 hours post-treatment (Figure S4B). MEK/ERK signaling is known to induce the 

expression of downstream transcription factors (TFs) that drive the signal outputs. Since the 

expression of the early phase markers may be what triggers the full induction of the intrinsic 

inflammatory phenotype, we next focused on the promoters of these four markers to help us 

identify potential TFs involved. Using an in silico approach facilitated by the GeneHancer 

database35, we identified 22 TFs that were common to the promoters of all four early phase 

markers. We then screened for changes in the expression levels of these 22 TFs in conditions of 

low glutamine, EIPA treatment or low glutamine combined with EIPA. We found five transcription 

factors including ATF3, EGR1, FOS, FOSB, and FOSL1 that were transcriptionally enhanced in 

the combination treatment (Figures 3E and S4C). To identify which of these TFs could be 

contributing downstream of MEK/ERK signaling to execute the events leading to the inflammatory 

phenotype, we assessed their expression levels after MEK/ERK inhibition. We found that, except 

for ATF3, they were all completely dependent on MEK/ERK (Figure 3F). These data demonstrate 

that the induction of the intrinsic inflammatory CAF phenotype relies on MEK/ERK signaling, and 

that multiple TFs likely govern the expression of the inflammatory markers.  
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Macropinocytosis supports CAF subtype identity and heterogeneity in vivo. 

The impact of macropinocytosis inhibition on tumor growth dynamics has previously only been 

assessed in xenograft models28,36,37; therefore, we tested whether EIPA administration could 

suppress macropinocytosis and tumor growth in a syngeneic heterotopic mouse model where 

murine PDAC cells (KPC cells) are implanted subcutaneously in C57BL/6 mice38. When the 

subcutaneous tumors attained a volume of ~100 mm3, animals were treated with vehicle control 

or 10 mg/kg EIPA via intraperitoneal injection every two days for two weeks. We found that EIPA 

treatment significantly suppressed tumor growth and inhibited intratumoral macropinocytosis in 

both the tumor cells and the a-SMA+ CAFs (Figures S5A-S5D). To assess whether 

macropinocytosis inhibition induces an inflammatory phenotype in CAFs in vivo, we employed an 

orthotopic syngeneic implantation model that better recapitulates the histopathological complexity 

of the human disease. KPC cells were injected directly into the pancreata of C57BL/6 mice to 

generate orthotopic tumors and 10 days post-implantation the animals were treated with EIPA. 

Like the heterotopic model, we found that EIPA lessens the growth of the orthotopic tumors and 

inhibits macropinocytic uptake in both the tumor cells and the CAFs (Figures 4A-4E). The 

reduction in tumor growth upon treatment with EIPA was accompanied by a decrease in 

proliferation and an increase in apoptotic cell death, as assessed by anti-Ki-67 and anti-cleaved 

caspase 3 immunostaining, respectively (Figures S5E-S5H). To broadly assess the effects of 

macropinocytosis inhibition on the expression of inflammatory markers in PDAC tumors, we 

performed multiplex gene expression analysis using the nanoString nCounter immune profiling 

panel on PDAC tumors treated with vehicle or EIPA. We found that most of the iCAF-related 

markers and numerous other pro-inflammatory factors were increased by EIPA treatment relative 

to the vehicle-treated control tumors (Figures 4F and S5I). We next examined whether EIPA 

treatment alters CAF content and subtypes in vivo. We dissociated the tumors after EIPA 

administration and stained the CAFs with specific subtype markers as previously described7. We 

found that EIPA increased the iCAF population and concomitantly decreased the myCAF 

population, while apCAFs were unaffected (Figures 4G and 4H). We further validated these 

findings by immunohistochemical (IHC) staining. Although EIPA treatment did not alter the overall 

number of CAFs within the tumors, as assessed by podoplanin (PDPN) staining, a pan-CAF 

marker15 (Figure S5J and S5K), we did observe a significant decrease in a-SMA+ CAFs in non-

peripheral regions of the tumors (Figures S5L-S5O). This is consistent with the notion that both 

macropinocytosis inhibition and glutamine depletion need to co-occur to efficiently trigger CAF 
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subtype identity alterations since previous studies demonstrated that glutamine levels are most 

depleted in the non-peripheral regions of the PDAC tumors26. We further immunostained the 

tumors for TAGLN, a second marker of myCAFs, and found that it was also decreased within the 

EIPA-treated tumors, confirming a reduction of myCAFs in vivo (Figures 4I and 4J). Conversely, 

staining with anti-PDGFRa, an iCAF marker11,15, showed that EIPA treatment significantly 

increased the iCAF content within the tumor (Figures 4K and 4L). To assess whether ERK 

activation is associated with the CAF subtype alterations we observed in the tumors, we co-

stained tumor sections with anti-p-ERK and anti-PDPN. We found that there were increased levels 

of p-ERK in the CAFs following EIPA treatment relative to the vehicle-treated controls (Figures 

4M and 4N). In addition, we found EIPA treatment upregulated the expression of several targets 

of p-ERK, as assessed via the nanoString panel, further indicating the intratumoral activation of 

MEK/ERK signaling (Figure S5P). Overall, these results indicate that macropinocytosis controls 

CAF subtype heterogeneity in vivo, suggesting that inhibiting this uptake pathway could broadly 

provoke a proinflammatory tumor microenvironment. 

 

Macropinocytosis inhibition suppresses metastatic progression in combination with 
immunotherapy.  

In PDAC, the desmoplastic response mediated by myCAFs is thought to play a role in dampening 

the infiltration of T cells39-41. Since we observed that EIPA decreased the myCAF content in favor 

of a more iCAF phenotype within the tumors, we next examined whether macropinocytosis 

inhibition could affect the immune landscape. We performed immune profiling by flow cytometry 

on orthotopic KPC tumors and found that EIPA treatment increased the recruitment of CD4+ and 

CD8+ T cells (Figure S6A). IHC staining confirmed that macropinocytosis inhibition promotes the 

intratumoral infiltration of CD4+ and CD8+ T cells (Figures 5A-5D). Flow cytometry and IHC 

staining revealed that the orthotopic tumors did not display significant changes in the overall 

number of total hematopoietic cells or other immune cells (Figures S6A-S6C). Due to the highly 

immunosuppressive PDAC TME, intratumoral T cells display exhaustion and co-express the 

markers PD-1 and Tim-342. Analysis of intratumoral T cells revealed that despite higher levels of 

infiltration, T cells still co-expressed exhaustion markers (Figure S6D). This finding suggested 

that the observed effects on tumor growth may not be reliant on T cells. Indeed, EIPA treatment 

significantly reduced the growth of KPC-derived orthotopic tumors in T cell-deficient nu/nu mice 

to a similar extent as was observed in C57BL/6 mice (Figure S6E). We also analyzed T cell 

infiltration in heterotopic PDAC tumors by IHC staining and found that tumors from animals treated 
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with EIPA displayed significantly elevated numbers of intratumoral CD4+ and CD8+ T cells relative 

to controls (Figures S6F-S6I). These findings indicated that the reorganization of the stromal 

architecture by macropinocytosis inhibition is accompanied by enhanced CD4+ and CD8+ T cell 

infiltration. 

Previous studies have shown that immunotherapy in PDAC tumors that display enhanced T cell 

infiltration has little benefit on the growth of the primary tumors but does significantly reduce 

metastasis43. Despite the T cells maintaining their exhaustion markers within the PDAC tumors 

treated with EIPA, we thought that there could be therapeutic potential in combining 

macropinocytosis inhibition with immune checkpoint blockade (ICB), especially from the 

perspective of metastatic progression. To test this idea, we co-treated orthotopic PDAC tumor-

bearing mice with EIPA and an anti-PD-1 antibody (Figure S7A). We observed modest effects on 

the growth of the primary tumors and overall survival with the combination therapy (Figures 5E, 

5F, S7B). The combination therapy significantly enhanced apoptosis and CD8+ T cell infiltration 

within the tumors (Figures 5G, 5H, S7C and S7D). We next sought to examine the effects of the 

combination therapy on metastasis to various organs, including the intestine, liver, diaphragm, 

and lung. Of note, we found that relative to the control, the EIPA and anti-PD-1 combination 

therapy significantly decreased the incidence of metastasis to any organ site (Figures S7E and 

S7F). Treatment with anti-PD-1 alone had no effect, while EIPA alone moderately reduced the 

overall incidence of macrometastases (Figures S7E and S7F). For specific organs, we found that 

the combination therapy reduced the incidence of macrometastases to the liver, intestine, and 

diaphragm relative to the control (Figure S7E and S7F). To specifically assess metastatic tumor 

burden, we further quantified the number of metastatic nodules per length of intestine and found 

that the combination therapy significantly reduced nodule number (Figures 5I and 5J). For the 

lung tissue, we evaluated micrometastases by H&E staining and detected infiltrating PDAC cells 

in the lung by IHC staining with anti-p53. We found that the combination therapy significantly 

decreased the number of micrometastases to the lung (Figures 5K, 5L and S7G). Overall, our 

data indicate that the inhibition of macropinocytosis can suppress PDAC progression in 

combination with immunotherapy. 

 

Drug delivery and chemotherapeutic responses are enhanced by macropinocytosis 
inhibition. 

In accordance with macropinocytosis inhibition decreasing myCAF content within the tumors, we 

found that collagen deposition in EIPA-treated orthotopic tumors was decreased relative to the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted December 5, 2024. ; https://doi.org/10.1101/2024.11.29.625709doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.29.625709
http://creativecommons.org/licenses/by-nc-nd/4.0/


vehicle-treated controls (Figures 6A and 6B). The extracellular matrix proteins (ECMs) secreted 

by CAFs have been demonstrated to cause blood vessel compression and collapse within PDAC 

tumors, and depletion of the ECMs has been shown to drive re-expansion of the tumor vasculature 

and to enhance drug delivery to the tumors44-46. Interestingly, IHC staining with anti-CD31, which 

labels the tumor vasculature, revealed that the blood vessels in both heterotopic and orthotopic 

PDAC tumors were significantly expanded by EIPA (Figures 6C, S8A and S8B). We surmised 

that this vascular expansion caused by EIPA administration could improve drug delivery to the 

tumors. To test this idea, we exploited the intrinsic auto-fluorescence of doxorubicin (Dox), a small 

molecule chemotherapeutic drug that is used as a therapy in several different cancers. We treated 

orthotopic tumor-bearing animals with Dox infusion following EIPA treatment. We found that EIPA 

significantly increased Dox delivery to the tumors as visualized by fluorescent accumulation of 

Dox in the cell nuclei relative to the vehicle-treated control tumors (Figures 6D, 6E, S8C and S8D). 

These data suggested that EIPA could be leveraged to enhance the delivery of chemotherapeutic 

drugs to the PDAC tumors. To test this idea, we next assessed the anti-tumor activity of EIPA as 

a pre-treatment followed by the administration of gemcitabine, a first-line chemotherapeutic drug 

given to patients for the treatment of advanced PDAC. We treated orthotopic PDAC tumor-bearing 

mice with five doses of EIPA followed by a single dose of gemcitabine (Figure 6F). Under these 

treatment conditions, neither EIPA nor gemcitabine significantly impacted tumor growth (Figure 

6G). Importantly, EIPA treatment followed by gemcitabine significantly and synergistically 

suppressed tumor growth as determined by calculating the combination index (CI)47 (Figure 6G). 

The reductions in tumor growth were accompanied by decreased cell proliferation and increased 

apoptosis in the tumors (Figures 6H, 6I, S8E and S8F). We also observed that pre-treatment with 

EIPA followed by gemcitabine suppressed lung micrometastases (Figures 6J and 6K). Altogether, 

our data indicate that the effects of macropinocytosis inhibition on the stromal architecture can be 

harnessed to enhance intratumoral delivery of chemotherapeutic drugs and improve their 

effectiveness in PDAC.   
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Discussion 

CAFs are a crucial component of the PDAC stroma and have been reported to be heterogeneous 

by lineage, phenotype and function14,15,17,20. Numerous CAF subtypes have been identified in 

PDAC tumors, including myCAFs, iCAFs, and apCAFs; and CAF plasticity has been reported to 

be regulated by secreted factors, such as IL-1/TGFb and hedgehog ligands. Biffi et al. established 

that IL1 and TGFb are two extrinsic signaling molecules to drive myCAF or iCAF phenotype, 

respectively, through regulating JAK/STAT signal pathway20. Steele et al. found that the inhibition 

of hedgehog signaling using LDE225, a SMO inhibitor, significantly reduces myCAFs but expands 

iCAF population21. What’s more, Mello et al., Schworer et al., and Singh et al. demonstrated that 

IL1-dependent iCAF phenotype could be potentiated by hypoxia signaling, or extrinsic p38 MAPK 

pathway, respectively22,33. In our study, we have demonstrated for the first time that 

macropinocytosis is dialed up in CAFs as an adaptive metabolic pathway to maintain CAF subtype 

identity under glutamine stress. Importantly, we show that macropinocytosis inhibition, when 

combined with glutamine depletion, induces an intrinsic iCAF phenotype while reducing myCAF 

properties. This is physiologically relevant to PDAC because human patient specimens, as well 

as multiple murine tumor models, have revealed that these tumors are glutamine deficient25-27, 

leading to intratumoral metabolic stress25,34. Macropinocytosis as an important protein-scavenging 

pathway has been found to be utilized by both cancer cells and CAFs to circumvent metabolic 

stress, supporting their fitness and function7,28,48,49. In addition, it has been demonstrated that the 

adaptive induction of macropinocytosis occurs predominantly in the cores of PDAC tumors that 

display enhanced glutamine depletion relative to the tumor periphery26. Consistent with these 

findings, in this study, we observed significant reduction of myCAFs in the central intratumoral 

regions of the PDAC tumors upon macropinocytosis inhibition, while their prevalence in the 

peripheral regions was not affected. These data indicate that the induction of macropinocytosis in 

CAFs spatially correlates with the level of glutamine depletion in vivo and functions to maintain 

their subtype identity. Activation of the MEK/ERK pathway has been shown to be elevated in 

tumor cells in response to glutamine depletion-associated metabolic stress25,34. In this study, we 

demonstrated that metabolic stress-induced intrinsic iCAF phenotype requires the activation of 

MEK/ERK signaling, likely due to ERK-dependent expression of transcription factors driving early-

phase iCAF marker transcription.  

The majority of PDAC tumors are immunologically “cold” tumors with poor T cell infiltration and a 

highly immunosuppressive microenvironment. In several tumor models, a dense extracellular 

matrix (ECM) has been shown to hinder T cell infiltration, acting as a physical barrier50-52. Previous 
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research has demonstrated that reducing collagen density can promote T cell infiltration into 

PDAC tumors53,54. In this study, we have demonstrated that inhibiting macropinocytosis leads to 

a CAF subtype shift from myCAFs to iCAFs, resulting in decreased collagen deposition and 

increased CD8+ and CD4+ T cell infiltration. Early studies in genetically engineered mouse models 

revealed that a significant depletion of α-SMA+ CAFs decreased collagen deposition and tumor 

fibrosis but also lowered the overall infiltration of CD45+ immune cells and the effective CD8+/Treg 

ratio, indicating the diverse functions of α-SMA+ CAFs beyond physical barriers19,55. A recent 

study demonstrated that LDE225, a novel inhibitor of hedgehog signaling, promoted a significant 

phenotypic switch from myCAF to iCAF populations, which increased the infiltration of a specific 

subset of myeloid cells and macrophages without significantly affecting other types of immune 

cells21. These conflicting results may stem from the complex heterogeneity within the myCAF and 

iCAF populations themselves, as revealed by single-cell RNA sequencing identifying distinct 

subsets such as ecm-myCAF, TGFβ-myCAF, wound-myCAF, detox-iCAF, and IL-iCAF56. 

Interestingly, they found that the abundance of ecm-myCAF and TGFβ-myCAF was associated 

with an immunosuppressive environment enriched in Tregs, while, in contrast, the abundance of 

detox-iCAF and IL-iCAF was correlated with CD8+ T cell infiltration56. Our study demonstrates that 

metabolic stress specifically induces the expression of many iCAF and iCAF-related inflammatory 

markers, such as T cell-attractive chemokines CCL7, CCL8 and CCL27, compared to IL1 

stimulation. In the future, it could be useful to understand CAF heterogeneity and plasticity more 

comprehensively within these diverse subsets of myCAF and iCAF populations in the context of 

metabolic stress. Importantly, in our study, we found that simply enhancing CD8+ T cell infiltration 

does not seem to significantly impact the growth of the primary PDAC tumors upon treatment with 

immunotherapy. We did, however, observe that metastasis was suppressed. These findings are 

consistent with a previous study by Li et al. that demonstrated that immunotherapy in the setting 

of tumor cell-defined T cell infiltration did not correlate with PDAC tumor growth but did restrict 

tumor metastasis.  

The predominant CAF subtype found within the PDAC stroma is myCAFs, which are known for 

their substantial deposition of ECM proteins that contribute to desmoplasia and drive PDAC tumor 

progression. CAFs exhibit rewired metabolism to sustain their pro-tumorigenic phenotype57. 

Eckert et al. identified Nicotinamide N-methyltransferase (NNMT) as a key epigenetic regulator in 

CAFs to reduce histone methylation and increase expression of CAF markers, cytokines, and 

ECM proteins58. Also, Kay et al. found that pyrroline-5-carboxylate reductase 1 (PYCR1) is 

upregulated in CAFs to promote glutamine-derived proline synthesis and collagen deposition59. 
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In our study, we demonstrate a novel role for macropinocytosis in maintaining the myCAF 

phenotype under glutamine stress, facilitating ECM secretion and PDAC progression. ECM-

caused desmoplasia has been shown to increase the interstitial fluid pressure and compress the 

tumor vasculature in PDAC, which leads to poor drug perfusion60,61. Olive et al. depleted myCAFs 

in Pdx1Cre;KrasLSL-G12D/+;p53R172H/+ (PKC)  tumors through systemic administration of IPI-926, a 

Sonic hedgehog (Shh) inhibitor, demonstrated a reduction in ECM deposition and an increase in 

intratumoral vascular density and gemcitabine delivery, leading to transient stabilization of 

disease62. However, there were some opposing studies showing varying outcomes of depleting 

the stroma with respect to tumor vasculature and drug delivery19,55. Contrary to stroma-depleting 

strategies, our approach of macropinocytosis inhibition targets cellular fitness in both tumor cells 

and CAFs simultaneously. We found that the tumor vasculature that is normally collapsed in our 

orthotopic tumors expands with macropinocytosis inhibition, enhancing drug delivery. 

Gemcitabine preceded by macropinocytosis inhibition suppressed PDAC tumor growth and 

significantly suppressed lung metastasis. Such stromal effects are more akin to those observed 

with treatment of calcipotriol, a vitamin D receptor ligand, which reprogrammed the CAFs to be 

quiescent and reduced fibrosis in PDAC tumors, resulting in increased intratumoral gemcitabine 

delivery and improved chemotherapy response46. Irrespective of whether the stroma is 

reprogrammed or depleted, such approaches may have therapeutic utility for drug delivery in the 

clinic63-65. Altogether, these studies indicate the promising therapeutic potential that stromal 

reprogramming may have in PDAC. Moreover, our work underscores that therapeutic intervention 

strategies that dual-modulate the tumor cells and the stroma, such as macropinocytosis inhibition, 

should be further explored in PDAC. 
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Materials and methods 

Murine CAF isolation and characterization 

Murine CAFs were isolated from KrasLSL-G12D/+;Trp53LSL-R172H/+;Pdx1-Cre;ROSA26LSL-EYFP (EKPC) 

mice66. Briefly, EKPC tumor portions were collected in a sterile hood and minced with razor blades 

to ~2 mm pieces. After rinse with DPBS, multiple tumor pieces were seeded in a 10 cm plate with 

5 mL DMEM complete medium (high glucose, L-glutamine DMEM supplemented with 10% FBS, 

100 U/mL penicillin-streptomycin (pen-strep), and 20 mM HEPES) plus 100 µg/ml gentamycin 

and incubated at 37 oC. Three days later, tumor pieces were removed. Spindle-shaped fibroblast 

clusters distant from tumor cell clusters were digested in situ with 0.25% trypsin and collected into 

a 24-well plate for growth. Finally, primary CAFs were immortalized with SV40 T antigen retrovirus 

as previously described7. Isolated murine CAFs were characterized by the expression of CAF 

markers using western blots and flow cytometry.  

Cell culture and treatments 

LSL-KrasG12D/+; Trp53fl/+; Pdx1-Cre (KPC) mice-derived PDAC cells (KPC.4662) were provided by 

Dr. Robert Vonderheide (University of Pennsylvania). EKPC cells, KPC.4662 cells, and isolated 

murine CAFs were cultured in DMEM complete medium. Patients-derived CAFs were cultured in 

DMEM complete medium with an additional supplement of 7% FBS as previously described7. All 
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the cells were cultured under 5% CO2 at 37 oC and routinely tested for mycoplasma contamination 

using ABM’s PCR Mycoplasma Detection Kit.  

For treatments, murine CAFs were cultured in low glutamine DMEM medium containing 0.2 mM 

glutamine, 10% dialyzed FBS, 100 U/mL pen-strep, and 20 mM HEPES. The control DMEM 

medium contains 4 mM L-glutamine. 5-(N-ethyl-N-isopropyl)-amiloride (EIPA, Sigma), an inhibitor 

of Na+/H+ exchange, was administered to cells at a concentration of 25 µM. STO-609 (Santa 

Cruz), a selective inhibitor of CaMKK2, was administered to CAFs at a concentration of 60 µM. 

EHT 1864 (Cayman Chemical), an inhibitor of Rac subfamily of Rho GTPase, was administered 

to CAFs at a concentration of 20 µM. Murine IL-1a (R&D) was used at a concentration of 25 

pg/mL for 32 hours. For kinase inhibition, 1 µM SCH772984 (Selleckchem), 1 µM Trametinib 

(Selleckchem), 10 µM SB202190 (Selleckchem), 10 µM LY294002 (CST), 2 µM MK-2206 

(MedChemExpress) and 2 µM JNK-IN-8 (Selleckchem) were utilized to inhibit ERK, MEK, p38, 

PI3K, Akt and JNK kinases, respectively. For amino acid-stress rescue experiments, growth 

media was supplemented with 40 mg/mL bovine serum albumin (BSA, Millipore Sigma) fraction 

V for 24 hours. 

Macropinocytosis assay 

In vitro macropinocytosis assay was performed in triplicates for each condition as previously 

described67,68. Briefly, CAFs were plated onto glass coverslips in 24-well plates overnight and 

then treated in 0.2 mM glutamine DMEM medium with or without EIPA, STO-609, or EHT 1864 

for 24 hours. For BSA rescue experiments, 40 mg/mL BSA was added to growth media with 

vehicle or EIPA. Macropinocytosis was assessed following 30 min incubation at 37 oC with 1 

mg/mL 70-kDa FITC-dextran (Invitrogen), followed by five times rinse with ice-cold PBS and then 

fixed in 3.7% formaldehyde. After nuclear staining with DAPI, coverslips were mounted onto glass 

slides using DAKO mounting medium (Agilent Tech). Fluorescent images were automatically 

captured at 40x magnification using Cytation 5 Imaging Multi-Mode Reader (BioTek). The 

quantification of macropinosome particles was analyzed as previously described69. The 

macropinocytic index (MP index) was calculated by the total particle intensity or area per cell and 

normalized to the control. At least 1500 cells were analyzed per condition.  

Ex vivo macropinocytosis assay was performed as previously described70. Briefly, ~1 mm thick 

cross-sections were immediately cut from freshly harvested tumors and injected at multiple sites 

with 20 mg/mL 10-kDa TMR-dextran (Invitrogen), followed by immersion in 400 µL TMR-dextran 
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for 15 min. After three times of quick rinse with PBS, cross-sections were embedded in O.C.T. 

compound and snap-frozen on dry-ice. Tumor cells were labeled with rat anti-CK19 antibody 

(DSHB, 1:400), and myCAFs were labeled with rabbit anti-a-SMA antibody (CST, 1:500). 

Afterwards, tumor tissues were incubated with Alexa Fluor 488-conjugated goat anti-rat and Alexa 

Fluor 647-conjugated goat anti-rabbit secondary antibodies, followed by nuclear staining with 

DAPI and mounted onto glass slides with DAKO mounting medium. Images were captured at 40x 

magnification using the EVOS FL Cell Imaging System and analyzed using ImageJ software as 

previously described70. At least 10 fields per each tumor were captured and analyzed. The MP 

index was calculated by the total particle intensity per the area of tumor cells or CAFs and 

normalized to the control. 

Western blotting 

Cells were lysed in RIPA buffer (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% sodium deoxycholate, 

0.1% SDS, 1% Triton X-100) supplemented with 1x protease inhibitor cocktail and 1x PhosSTOP. 

After clearance with centrifugation at 18,000 g for 15 min at 4 oC, protein concentrations were 

determined by DC Protein Assay (Bio-Rad). Protein samples were separated by SDS-PAGE 

electrophoresis and then transferred to nitrocellulose membranes using Trans-Blot Turbo 

Transfer System (Bio-Rad), followed by incubation with primary antibodies: rabbit a-SMA (CST, 

1:1000), rabbit E-cadherin (CST, 1:1000), rabbit SESN2 (Proteintech, 1:500), rabbit phospho-

ERK1/2 (CST, 1:1000), rabbit ERK1/2 (CST, 1:1000), and mouse a-tubulin (Sigma, 1:4000). After 

staining with IRDye 680RD or 800CW secondary antibody (LI-COR), immunoblots were detected 

using Odyssey CLx imager (LI-COR).  

Quantitative real-time PCR (qRT-PCR) 

Total RNA was isolated from cells using the PureLink RNA Mini Kit (Invitrogen) according to the 

manufacturer's instructions. cDNA was synthesized from 1 µg total RNA using the High-Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems). qRT-PCR was then performed using 

SYBR Premix Ex Taq II master mix (Takara) on the LightCycler 96 Instrument (Roche) or CFX384 

touch real-time PCR system (Bio-Rad). The relative mRNA levels of target genes were calculated 

and normalized to the mRNA level of reference gene RPL13 with respect to Cq values. The 

sequences of primers used for qRT-PCR in this study are listed in the Key Resources Table. 

F-actin staining in CAFs 
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For F-actin staining, murine CAFs were permeabilized with 0.1% Triton X-100 and stained with 

100 nM Acti-stain™ 488 phalloidin (Cytoskeleton, Inc.) for 30 min. Nuclei were stained with DAPI, 

followed by mounting with DAKO medium. 

Flow cytometric characterization of CAF subtypes  

Isolated murine CAFs in suspension were pre-incubated with anti-CD16/32 antibody at 4 °C for 

15 min and then stained with CoraLite®Plus (CL) 488-conjugated anti-FSP-1 (Proteintech, Cat# 

CL488-16105) and APC/Cy7-conjugated anti-PDPN (BioLegend, clone 8.1.1) antibodies at 4 °C 

for 30 min, followed by flow cytometric analysis. Flow cytometric characterization of CAF subtypes 

in vivo was performed as previously described7 with slight modification. Briefly, PDAC tumors 

were dissociated using a Tumor Dissociation Kit (Miltenyi Biotec). After purification, cells in 

suspension were blocked with anti-mouse CD16/32 antibody (BioLegend) at 4 °C for 15 min and 

then stained with the following antibodies at 4 °C for 30 minutes: Alexa Fluor 594-CD45 

(BioLegend, clone 30-F11), Brilliant Violet 421-CD31 (BioLegend, clone 390), Alexa Fluor 488-

EpCAM (BioLegend, clone 9C4), APC/Cy7-PDPN, Alexa Fluor 647-Ly6C (BioLegend, clone 

HK1.4), and Brilliant Violet 785-I-A/I-E (MHC-II) (BioLegend, clone M5/114.15.2), followed by flow 

cytometric analysis. 

Animal experiments 

Six-week-old C57BL/6 mice or athymic nude mice (Foxn1nu/Foxn1nu) were purchased from 

Jackson Laboratories or Charles River, respectively, and allowed to acclimatize for at least 4 days. 

Mouse studies were conducted at the animal facility of Sanford Burnham Prebys Medical 

Discovery Institute in accordance with the mouse handling and experimental protocols that were 

approved by the Institutional Animal Care and Use Committee (IACUC). This study followed all 

the relevant ethical standards. 

For heterotopic syngeneic mouse models, 2.5x105 KPC.4662 cells suspended in PBS with 50% 

matrigel (Corning) were injected subcutaneously into the flanks of C57BL/6 mice. Tumor sizes 

were measured using a digital caliper and calculated according to the formula: 1/2 x length (mm) 

x width (mm)2. When tumor sizes reach ~100 mm3, mice were randomly grouped and treated with 

vehicle or 10 mg/kg EIPA intraperitonially (i.p.) every two days for two weeks. Tumor sizes were 

monitored every two days. After treatment, mice were sacrificed, and tumors were harvested for 

ex vivo macropinocytosis assay, or fixed in 10% formalin for immunohistochemistry. 
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For orthotopic tumor models, 2.5x104 KPC.4662 cells suspended in PBS with 50% matrigel 

(Corning) were injected into the pancreata of C57BL/6 or athymic nude mice. 10 days later, mice 

were randomly grouped and treated with vehicle or 10 mg/kg EIPA i.p. every two days for two 

weeks. After treatment, tumors were harvested, and tumor weights were measured. Tumor 

tissues were collected for ex vivo macropinocytosis assay or fixed for immunohistochemistry. For 

combination immunotherapy, 10 days after implantation, mice were randomly divided into four 

groups and treated with vehicle or 10 mg/kg EIPA i.p. every two days and/or with i.p. 

administration of 200 µg IgG2a or anti-PD-1 antibody on day 10, day 13, day 16, day 19, day 22, 

and day 25 post inoculation. Tumor burden and metastases were determined on day 27 post-

inoculation following euthanasia. For combination chemotherapy, 10 days after KPC cells were 

orthotopically inoculated, mice were randomly divided into four groups. Mice were treated with 

vehicle or 10 mg/kg EIPA i.p. every two days for 5 doses and/or with 50 mg/kg gemcitabine i.p. 

on day 20 post inoculation. 27 days post inoculation, tumors were harvested, and tumor weights 

were measured. The outliers of tumor weights were identified by Grubb’s test and removed from 

data analysis. The combination index (CI) for EIPA and gemcitabine co-treatment was calculated 

using the standard formula: 𝐶𝐼 = !(!#$%)'!(()*)+!(!#$%),!(()*)
!(!#$%'()*)

 using Bliss independence 

approach as previously described47. CI < 1 indicates a synergistic effect between two treatments. 

Tumor tissues and lungs were fixed in 10% formalin for immunohistochemistry. Macrometastases 

in the liver, intestine, and diaphragm were visually inspected, photographically documented and 

recorded. For doxorubicin delivery, tumor-bearing mice were treated with vehicle or 10 mg/kg 

EIPA i.p. every two days for two weeks and then treated with tail vein pulse infusion of 200 µg 

doxorubicin. 8 min later, tumors were harvested immediately and snap frozen in O.C.T. compound 

for immunofluorescent staining. 

Isolation of tumor interstitial fluid (TIF) and plasma for metabolite quantification 

TIF was isolated from KPC tumors as previously described30. Briefly, tumor-bearing mice were 

euthanized by cervical dislocation and tumors were rapidly dissected. After brief rinse in cold PBS 

and removal of extra surface liquid with filter paper, the tumors were put onto 20 µm nylon filters 

(Millipore Sigma) affixed atop 15 mL conical tubes and centrifuged for 10 min at 4 °C at 106 x g 

to collect TIF. Blood was collected from the heart of the same animals, immediately placed in 

EDTA-tubes (BD Vacutainer) and centrifuged at 1000 x g at 4 °C for 10 min to collect plasma. TIF 

and Plasma were frozen with dry ice and stored at -80 °C. Polar metabolites from 5 µL of TIF or 

plasma were extracted and processed for amino acids quantification by GC-MS. 
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Immune profiling 

C57BL/6 mice bearing orthotopic KPC.4662 tumors were implanted with an osmotic pump (Alzet, 

Model 1004) filled with vehicle or 20 mg/ml EIPA for drug administration over 6 days as previously 

described28. Afterwards, tumors were harvested and processed to single suspended cells as 

previously described7. Briefly, tumor portions were minced to 3-4 mm pieces and dissociated 

using a Tumor Dissociation Kit (Miltenyi Biotec), followed by the clearance of red blood cells with 

RBC lysis buffer (eBioscience) and resuspension in RPMI/2% FBS. Cell number was counted 

using a hemocytometer. ~1x106 cells were stained with antibody cocktail at 4 oC for 20 min: Pacific 

Blue™ (PB) anti-mouse CD45.2 (Biolegend), APC anti-mouse B220 (Biolegend), FITC anti-

mouse I-Ab (Biolegend), Brilliant Violet 605™ (BV605) anti-mouse CD8a (Biolegend), BUV395 

anti-mouse CD4 (BD ebioscience), PE anti-mouse CD366 (Tim-3) (Biolegend), PE/Cy7 anti-

mouse CD279 (PD-1) (Biolegend), FITC anti-mouse CD8a (Biolegend), BV605 anti-mouse NK1.1 

(Biolegend), Biotin anti-mouse CD11c plus BV605 Streptavidin (Biolegend), APC anti-mouse Ly-

6G (Biolegend), PE anti-mouse Ly-6C (Biolegend), APC/Cy7 anti-mouse F4/80 (Biolegend), 

BV480 anti-mouse CD11b (Biolegend), and anti-mouse CD16/32 antibodies. After washing twice 

with cold PBS/2% FBS, cells were fixed in 1% paraformaldehyde and then analyzed by flow 

cytometry. From each sample, 100,000 events were acquired on the BD LSRFortessa™ X-20 

flow cytometer. Data analysis was performed using FlowJo v10 (BD Biosciences). 

Nanostring nCounter gene expression assay 

Portions of heterotopic KPC.4662 tumors treated with vehicle or EIPA-filled osmotic pumps over 

6 days were snap frozen in liquid nitrogen immediately after harvest. Frozen tumor portions were 

lysed on ice in the lysis buffer provided in the PureLink RNA Mini Kit (Thermo Fisher Scientific) 

using a Kimble pellet pestle motor, and total RNA was isolated using the kit. 50 ng RNA of each 

sample was hybridized using the NanoString PanCancer Immune CodeSet (Cat# XT-CSO-MIP1-

12) according to the manufacturer's instructions. Absolute read counts were quantified by the 

nCounter digital analyzer (nanoString). 

Doxorubicin detection in tumors 

Tumor tissues with pulse infusion of doxorubicin were cut into sections with 5 µm thickness and 

stained with DAPI (1:2000) to label the nuclei, followed by mounting with DAKO media. Images 

were captured at 40x magnification using the EVOS FL Cell Imaging System and analyzed using 

Fiji (ImageJ) software. Doxorubicin autofluorescent images in whole tumors were acquired on a 
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Zeiss LSM710 confocal microscope at 20X magnification. The images were taken as Z-stack 

under identical settings, and the maximum intensity projection images were processed using 

ImageJ software. 

Immunohistochemistry, trichrome and H&E staining 

Formalin-fixed paraffine-embedded (FFPE) tumor tissues were cut to 5 µm sections. 

Immunohistochemistry staining was performed as previously described7. Briefly, slides with tumor 

sections were heated in 0.01 M citrate buffer (pH 6.0) or TE buffer (pH 9.0) for heat-induced 

antigen retrieval. For intracellular proteins, tumor sections were permeabilized with 0.1% Triton-

X100 in TBS containing 0.1% Tween 20 (TBST) for 10 min. Afterwards, tumor sections were 

blocked with 10% goat or horse serum plus 1% BSA at R.T. for 1 hour and then stained with 

primary antibodies at 4 oC overnight, followed by incubation with biotinylated goat anti-rabbit or 

horse anti-goat secondary antibody (Vector Labs, BA-1000, BA-9400) at R.T. for 1.5 hours. The 

staining signal was developed using HRP-coupled ABC reagent (Vector Labs) and the DAB HRP 

Substrate Kit (Vector Labs). For p53 staining of mouse lung tissues, a mouse-on-mouse kit 

(Vector Labs) was used to reduce the background signaling. After nuclear counterstaining with 

hematoxylin, sections were dehydrated and mounted with coverslips using Permount mounting 

medium (Fisher Scientific). The antibodies using in this study: rabbit anti-CD4 (Abcam, 1:500), 

rabbit anti-CD8a (Abcam, 1:1500), rabbit anti-Ki-67 (Abcam, 1:200), rabbit anti-a-SMA (CST, 

1:500), rabbit anti-cleaved caspase 3 (CST, 1:600), rabbit anti-transgelin (TAGLN, Proteintech, 

1:150), goat anti-PDGFRa (R&D, 5 µg/ml), rabbit anti-CD45 (CST, 1:200), rabbit anti-CD31 

(Abcam, 1:2000), and mouse anti-p53 (CST, 1:2000). For immunofluorescent staining from FFPE 

samples, tissue sections were stained with anti-PDPN (Thermo Fisher Scientific, 1:100) alone or 

co-stained with anti-phospho-ERK1/2 (CST, 1:100) and nuclei were stained with DAPI, followed 

by mounting with DAKO media. Trichrome and H&E staining of FFPE tumor samples were 

performed by Sanford Burnham Prebys Medical Discovery Institutes Histology Core Facility. 

Images were captured using a bright field microscope installed with INFINITY camera (Lumenera). 

Positive cell numbers per field and collagen area per field of trichrome staining were analyzed 

using Fiji (ImageJ) software.  

Statistical analysis 

For all in vitro results, at least three independent experiments were performed, with each 

experiment containing two or three biological replicates derived from independent samples. For 

all in vivo results, the number of animals for each cohort is as indicated. All graphs were made 
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using GraphPad Prism software (GraphPad). Results are shown as means; error bars represent 

standard error of the mean (SEM) or standard deviation (SD). Statistical significance was 

determined by the unpaired two-tailed Student’s t-test with or without Welch’s correction or one-

way analysis of variance (ANOVA), and p values less than 0.05 were considered statistically 

significant (* p< 0.05, ** p< 0.01, *** p< 0.001, **** p< 0.0001).  
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Figure legends 

Figure 1. Glutamine deprivation and macropinocytosis cooperate to control metabolic 
stress and CAF subtype identity. 

(A) Quantitation of glutamine levels in plasma and tumor interstitial fluid (TIF) that were isolated 
from orthotopic or subcutaneous KPC tumors. Data are shown as mean ± SEM, unpaired t-test. 
*p<0.05, ***p<0.001. 

(B and C) Representative images (B) and quantification (C) of macropinocytic uptake of FITC-
labeled dextran in CAFs treated with 4 mM or 0.2 mM glutamine (Q) with or without the presence 
of 25 µM EIPA for 24 hours. Representative data of three independent experiments are shown as 
mean ± SEM, unpaired t-test. ***p<0.001. Scale bar: 20 µm. 

(D and E) Mouse CAFs were treated with 4 mM or 0.2 mM glutamine (Q) with or without the 
presence of 25 µM EIPA for 2 or 4 hours. The mRNA (D) and protein (E) levels of sestrin2 (SESN2) 
were analyzed by qPCR and western blot, respectively. Data are shown as mean ± SEM, one-
way ANOVA. *p<0.05, **p<0.01, ***p<0.001. 

(F) Mouse CAFs were treated with 4 mM or 0.2 mM Q with or without the presence of 25 µM EIPA 
for 32 hours. The mRNA levels of iCAF-related markers were analyzed by qPCR and normalized 
to RPL13. Data are shown as mean ± SEM, one-way ANOVA and unpaired t-test. *p<0.05, 
**p<0.01, ***p<0.001. 

(G) Four primary PDAC patient-derived CAFs (pCAF) were treated with 0.2 mM Q with 25 µM 
EIPA or vehicle control for 48 hours. The mRNA levels of iCAF-related markers were analyzed 
by qPCR. Data are shown as mean ± SEM, unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 2. Induction of CAF inflammatory markers by metabolic stress is rescued by serum 
albumin supplementation and is reversible. 

(A and B) Representative images (A) and quantification (B) of macropinocytic uptake of FITC-
labeled dextran in mouse CAFs treated with 0.2 mM Q with DMSO or EIPA with or without the 
presence of 40 mg/mL BSA. Representative data of three independent experiments are shown 
as mean ± SEM, One-way ANOVA. **p<0.01, ***p<0.001. Scale bar: 20 µm. 

(C) Mouse CAFs were treated with 0.2 mM Q with DMSO or EIPA with or without the presence of 
4% BSA for 24 hours. The mRNA levels of iCAF-related markers were analyzed by qPCR. Data 
are shown as mean ± SEM, unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

(D) Mouse CAFs were treated with 4 mM Q plus vehicle or 0.2 mM Q plus EIPA. 32 hours post 
treatment, one set of samples were collected as baseline and another set were washed with PBS 
and cultured with 4 mM Q medium for an additional 24 hours. Data are shown as mean ± SEM, 
unpaired t-test. ***p<0.001. 
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Figure 3. Metabolic stress-induced iCAF phenotype requires MEK/ERK signaling. 

(A) Mouse CAFs were treated with 4 mM or 0.2 mM Q with or without the presence of 25 µM EIPA 
for 4 hours. The protein levels of phospho-ERK1/2 (p-ERK1/2) and total-ERK1/2 (t-ERK1/2) were 
analyzed by western blots. 

(B) Human pCAFs were treated with 4 mM Q plus DMSO or 0.2 mM Q plus 25 µM EIPA for 24 
hours. The protein levels of SESN2, p-ERK1/2 and t-ERK1/2) were analyzed by western blots. 

(C) Mouse CAFs were treated with 0.2 mM Q with DMSO or EIPA with or without the presence of 
4% BSA for 4 hours. The protein levels of SESN2, p-ERK1/2 and t-ERK1/2) were analyzed by 
western blots. 

(D) Mouse CAFs were pre-treated with ERK inhibitor (ERKi) or MEK inhibitor (MEKi) for 1 hour 
and then treated with 4 mM or 0.2 mM Q with or without the presence of 25 µM EIPA for 24 hours. 
The mRNA levels of iCAF-related markers were analyzed by qPCR. Data are shown as mean ± 
SEM, unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

(E) Mouse CAFs were treated with 4 mM or 0.2 mM Q with or without the presence of 25 µM EIPA 
for 4 hours. The mRNA levels of the transcription factors were analyzed by qPCR. Data are shown 
as mean ± SEM, one-way ANOVA and unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

(F) Mouse CAFs were pre-treated with ERKi or MEKi for 1 hour and then treated with 4 mM or 
0.2 mM Q with or without the presence of 25 µM EIPA for 6 hours. The mRNA levels of the 
transcription factors were analyzed by qPCR. Data are shown as mean ± SEM, unpaired t-test. 
*p<0.05, **p<0.01, ***p<0.001. 

 

Figure 4. Macropinocytosis inhibition suppresses PDAC tumor growth and modulates CAF 
heterogeneity in vivo.  

(A and B) Representative images (A) and total tumor weights (B) of KPC orthotopic tumors treated 
with DMSO (vehicle, n=14) or EIPA (n=13) at 10 mg/kg for two weeks. Tumors are outlined with 
white dashed lines. Data are shown as mean ± SEM, unpaired t-test. *p<0.05.  

(C-E) Ex-vivo macropinocytic uptake of TMR-labeled dextran was performed on KPC orthotopic 
tumors treated with DMSO or EIPA. Tumor cells and myCAFs were labeled with CK-19 (green) 
or a-SMA (magenta), respectively (C). The relative macropinocytic (MP) index was calculated by 
the average particle intensity per area of the tumor cells (D) or the myCAFs (E), and normalized 
to the control. Data are shown as mean ± SEM, n(DMSO)=4; n(EIPA)=5. Unpaired t-test. *p<0.05, 
**p<0.01. Scale bar: 20 µm. 
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(F) Heatmap depicting expression of iCAF-related genes in DMSO (n=5) or EIPA (n=5)-treated 
PDAC tumors using nanoString nCounter mouse PanCancer Immune Profiling Panel. Fold 
change in mRNA levels is shown for each gene. 

(G and H) EIPA-treated PDAC tumors were dissociated and stained with a panel of markers for 
CAF characterization, followed by flow cytometry analysis. From CD45-CD31-EpCAM-PDPN+ total 
CAFs, three CAF subtypes were identified using the markers Ly6C and MHC-II, as indicated. 
Representative flow cytometric results of tumors with or without EIPA treatments were shown (G). 
The population distribution for each CAF subtype was determined (H). Data are shown as mean 
± SEM, n=5. Unpaired t-test. *p<0.05. 

(I and J) Representative images (I) and quantification (J) of anti-TAGLN staining in KPC orthotopic 
tumors treated with DMSO or EIPA. ~35 fields (20x) from 6 tumors for each group were analyzed. 
Data are shown as mean ± SD, unpaired t-test. ***p<0.001. Scale bar: 50 µm. 

(K and L) Representative images (K) and quantification (L) of anti-PDGFRa staining in KPC 
orthotopic tumors treated with DMSO or EIPA. ~35 fields (20x) from 6 tumors for each group were 
analyzed. Data are shown as mean ± SD, unpaired t-test. **p<0.01. Scale bar: 50 µm. 

(M and N) Representative images (M) and quantification (N) of anti-p-ERK1/2 staining in KPC 
orthotopic tumors treated with DMSO or EIPA. ~80 fields (40x) from 5 tumors for each group were 
analyzed. Data are shown as mean ± SEM. Unpaired t-test.  ***p<0.001. Scale bar: 50 µm. 

 

Figure 5. Macropinocytosis inhibition combined with immune checkpoint blockade 
suppresses PDAC progression. 

(A and B) Representative images (A) and quantification (B) of anti-CD4 staining in KPC orthotopic 
tumors treated with DMSO or EIPA. ~70 fields (20x) from 6 DMSO-treated tumors and ~50 fields 
(20x) from 6 EIPA-treated tumors were analyzed. Data are shown as mean ± SD, unpaired t-test. 
***p<0.001. Scale bar: 100 µm. 

(C and D) Representative images (C) and quantification (D) of anti-CD8 staining in KPC orthotopic 
tumors treated with DMSO or EIPA. ~70 fields (20x) from 6 DMSO-treated tumors and ~50 fields 
(20x) from 6 EIPA-treated tumors were analyzed. Data are shown as mean ± SD, unpaired t-test. 
***p<0.001. Scale bar: 100 µm. 

(E) Mice bearing orthotopic PDAC tumors were treated with EIPA and/or anti-PD-1 antibody. 27 
days post-implantation, tumors were harvested and weighed. Data are shown as mean ± SEM; 
n(DMSO+IgG2a)=13; n(DMSO+a-PD-1)=11; n(EIPA+IgG2a)=13; n(EIPA+a-PD-1)=9. One-way ANOVA. *p<0.05, 
***p<0.001. 

(F) Mice bearing orthotopic PDAC tumors were treated with EIPA+anti-PD-1 antibody or 
vehicle+isotype antibody. Overall survival was analyzed using Kaplan-Meier curves with the log-
rank test. n(DMSO+IgG2a)=11; n(EIPA+a-PD-1)=8. 
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(G and H) Representative images (G) and quantification (H) of anti-cleaved caspase-3 staining in 
KPC orthotopic tumors after treatment. Images were analyzed: DMSO+IgG2a, 54 fields (20x) 
from 4 tumors; EIPA+IgG2a, 39 fields (20x) from 5 tumors; DMSO+a-PD-1, 43 fields (20x) from 
5 tumors; EIPA+a-PD-1, 32 fields (20x) from 4 tumors. Data are shown as mean ± SD, One-way 
ANOVA. **p<0.01, ***p<0.001. Scale bar: 50 µm. 

(I and J) Representative images of intestinal macrometastases (I), and the quantification of 
average number of nodules per length of intestine (J). Unpaired t-test. *p<0.05. 

(K and L) Representative images (K) and quantification (L) of anti-p53 staining in the lungs. 25 
fields (20x) from 5 lungs for each group were analyzed. Data are shown as mean ± SD, One-way 
ANOVA. ***p<0.001. Scale bar: 50 µm. 

 

Figure 6. Macropinocytosis inhibition enhances drug delivery and therapeutic response to 
gemcitabine. 

(A and B) Representative images (A) and quantification (B) of collagen via trichrome staining in 
KPC orthotopic tumors treated with DMSO or EIPA. 28 fields (10x) from 5 DMSO-treated tumors 
and 25 fields (10x) from 5 EIPA-treated tumors were analyzed. Data are shown as mean ± SD, 
unpaired t-test. ***p<0.001. Scale bar: 100 µm. 

(C) Representative images of anti-CD31 staining in KPC orthotopic tumors treated with DMSO or 
EIPA. Red arrows indicate CD31-labeled blood vessels. Scale bar: 50 µm. 

(D and E) Representative images (B) and quantification (C) of doxorubicin (DOX) delivery in KPC 
orthotopic tumors treated with DMSO or EIPA. Nuclei were co-stained with DAPI. Data are shown 
as mean ± SEM (n=3). Unpaired t-test. ***p<0.001. Scale bar: 20 µm. 

(F) Schematic depicting the treatment protocol for EIPA pre-treatment and gemcitabine 
administration. 

(G) Mice with orthotopic PDAC tumors were treated with EIPA and/or gemcitabine. 27 days post-
implantation, tumors were harvested and weighed. Data are shown as mean ± SEM; n(DMSO)=5; 
n(EIPA)=6; n(DMSO+Gem)=6; n(EIPA+Gem)=6. One-way ANOVA. **p<0.01, n.s., not significant. CI: 
combination index. 

(H and I) Representative images (H) and quantification (I) of anti-cleaved caspase-3 staining in 
KPC orthotopic tumors after treatment. Images were analyzed: DMSO, 56 fields (20x) from 5 
tumors; EIPA, 67 fields (20x) from 6 tumors; DMSO+Gem, 57 fields (20x) from 5 tumors; 
EIPA+Gem, 70 fields (20x) from 6 tumors. Data are shown as mean ± SD, One-way ANOVA. 
***p<0.001, n.s., not significant. Scale bar: 30 µm. 

(J and K) Representative images (J) and quantification (K) of anti-p53 staining in lungs. 25-30 
fields (20x) for each group were analyzed. Data are shown as mean ± SD, One-way ANOVA. 
*p<0.05, ***p<0.001, n.s., not significant. Scale bar: 50 µm. 
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Supplemental Figure Legends 

Supplemental Figure 1. Low glutamine and macropinocytosis inhibition cooperate to 
induce the iCAF phenotype. 

(A and B) Quantitation of amino acid levels in tumor interstitial fluid (TIF) relative to the plasma in 
mice harboring orthotopic (A) or subcutaneous (B) KPC tumors. Data are shown as mean ± SEM, 
unpaired t-test. *p<0.05, ***p<0.001. 

(C) Characterization of CAF markers by flow cytometry. More than 99% of isolated CAFs express 
both podoplanin (PDPN), a pan-CAF marker, and fibroblast-specific protein 1 (FSP1). 

(D) Western blots of epithelial or myCAF markers in EKPC tumor cells and isolated murine CAFs. 

(E) mRNA expression levels of myCAF markers in CAFs treated with 0.2Q with DMSO or 25 µM 
EIPA for 24h. Data from at least three independent experiments are shown as mean ± SEM, 
unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

(F) mRNA expression levels of collagen subtypes in CAFs treated with 0.2Q with DMSO or 25 
µM EIPA for 24h. Data from at least three independent experiments are shown as mean ± SEM, 
unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

 

Supplemental Figure 2. Multiple macropinocytosis inhibitors induce an intrinsic iCAF 
phenotype. 

(A and B) Representative images (A) and quantification (B) of macropinocytic uptake of FITC-
labeled dextran in CAFs treated with DMSO or 60 µM STO-609 for 24 hours. Data are shown as 
mean ± SEM, n-3. Unpaired t-test. **p<0.01. Scale bar: 20 µm. 

(C) Relative mRNA expression levels of iCAF-related markers in CAFs treated with vehicle or 60 
µM STO-609 for 48h, which was normalized to the vehicle-treated conditions. Data are shown as 
mean ± SEM, n=3. Unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

(D and E) Representative images (D) and quantification (E) of macropinocytic uptake of FITC-
labeled dextran in CAFs treated with DMSO or 20µM EHT 1864 for 24 hours. Data are shown as 
mean ± SEM, n=3. Unpaired t-test. **p<0.01. Scale bar: 20 µm. 

(F) Relative mRNA expression levels of iCAF-related markers in CAFs treated with vehicle or 20 
µM EHT 1864 for 48 hours, which was normalized to the vehicle-treated conditions. Data are 
shown as mean ± SEM, n=3. Unpaired t-test. *p<0.05, **p<0.01, ***p<0.001. 

 

Supplemental Figure 3. Characterization of the metabolic stress-induced intrinsic iCAF 
phenotype. 
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(A) Mouse CAFs were treated with 4 mM Q with vehicle or 0.2 mM Q with EIPA. 32 hours post 
treatment, one set of samples were collected for RNA analysis as baseline and another set were 
washed with PBS and cultured with 4 mM Q medium for an additional 24 hours. Phase-contrast 
living cell images were captured prior to collection. Representative images are shown. Scale bar: 
50 µm. 

(B) Cells were seeded on coverslips in 24-well format and treated as described above. Both sets 
of cells were washed with DPBS after treatment and fixed with 3.7% formaldehyde, followed by 
phalloidin (green) and DAPI (blue) staining. Representative images are shown. Scale bar: 50 µm. 

(C) Expression levels of the iCAF markers in CAFs treated with 0.2Q with 25 µM EIPA or 25 pg/ml 
murine IL-1a for 32 hours. 4mM Q was used as a reference control. Data from at least three 
independent experiments are shown as mean ± SEM, unpaired t-test. *p<0.05, **p<0.01, 
***p<0.001. 

 

Supplemental Figure 4. Regulation and dynamics of the metabolic stress-induced intrinsic 
iCAF phenotype. 

(A) Mouse CAFs were pre-treated with p38 inhibitor (P38i), PI3K inhibitor (PI3Ki), AKT inhibitor 
(AKTi), or JNK inhibitor (JNKi) for 1 hour and then treated with 4 mM or 0.2 mM Q with or without 
the presence of 25 µM EIPA for 24 hours. The mRNA levels of iCAF-related markers were 
analyzed by qPCR.  

(B) Mouse CAFs were treated with 4 mM or 0.2 mM Q with or without the presence of 25 µM EIPA 
for 4, 6, 8, 16, 24, and 32 hours. The mRNA levels of iCAF-related markers were analyzed by 
qPCR and normalized to RPL13. 

(C) Mouse CAFs were treated with 4 mM or 0.2 mM Q with or without the presence of 25 µM EIPA 
for 4 hours. The mRNA levels of 22 TFs were analyzed by qPCR. 

 

Supplemental Figure 5. EIPA suppresses the growth of syngeneic heterotopic tumors and 
modulates proliferation and apoptosis in syngeneic orthotopic tumors.  

(A) Tumor growth curve of KPC heterotopic subcutaneous tumors treated with DMSO or EIPA at 
10 mg/kg for two weeks. Data are shown as mean ± SEM (n=3 or 4). Two-way ANOVA. *p<0.05, 
**p<0.01. 

(B-D) Ex-vivo macropinocytic uptake of TMR-labeled dextran was performed on KPC heterotopic 
tumors treated with DMSO or EIPA. Tumor cells and myCAFs were labeled with CK-19 (green) 
or a-SMA (magenta), respectively (B). The relative macropinocytic index in the tumor cells (C) or 
the myCAFs (D) was computed. Data are shown as mean ± SEM (n=3), unpaired t-test. *p<0.05, 
**p<0.01. Scale bar: 20 µm. 
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(E and F) Representative images (E) and quantification (F) of anti-Ki-67 staining in KPC orthotopic 
tumors treated with DMSO or EIPA. 79 or 88 fields (20x) for each group were analyzed. Data are 
shown as mean ± SD, unpaired t-test. **p<0.01. Scale bar: 100 µm. 

(G and H) Representative images (G) and quantification (H) of anti-cleaved caspase-3 staining in 
KPC orthotopic tumors treated with DMSO or EIPA. 52 or 56 fields (20x) for each group were 
analyzed. Data are shown as mean ± SD, unpaired t-test. *p<0.05. Scale bar: 50 µm. 

(I) Heatmap depicting gene expression of other inflammatory factors in DMSO (n=5) or EIPA 
(n=5)-treated PDAC tumors using nanoString nCounter mouse PanCancer Immune Profiling 
Panel. mRNA fold change for each gene is indicated. 

(J and K) Representative images (J) and quantification (K) of anti-podoplanin (PDPN) 
immunofluorescence staining in KPC orthotopic tumors treated with DMSO or EIPA. ~120 fields 
from 6 tumors for each group were analyzed. Data are shown as mean ± SEM, unpaired t-test. 
n.s., not significant. Scale bar: 100 µm. 

(L-O) Anti-a-SMA staining. Representative images (L) and quantification (M) of a-SMA area at 
the periphery of KPC orthotopic tumors (<300µm from the edge of the tumor, outlined with black 
dashed line). 42 or 49 fields (5x) for each group were analyzed. Data are shown as mean ± SD, 
unpaired t-test. n.s., not significant. Scale bar: 200 µm. Representative images (N) and 
quantification (O) of a-SMA area at the intratumoral region of KPC orthotopic tumors. 60 fields 
(20x) from 6 DMSO-treated tumors and 50 fields (20x) from 5 EIPA-treated tumors were analyzed. 
Data are shown as mean ± SD, unpaired t-test. ***p<0.001. Scale bar: 50 µm. 

(P) Heatmap depicting gene expression of p-ERK1/2 targets in DMSO (n=5) or EIPA (n=5)-treated 
PDAC tumors using nanoString nCounter mouse PanCancer Immune Profiling Panel. mRNA fold 
change for each gene is indicated. 

 

Supplemental Figure 6. EIPA promotes T cell infiltration but its anti-tumor effects are not 
mediated by T cells. 

(A) Immune profiling was performed on dissociated KPC orthotopic tumors treated with DMSO or 
EIPA. The total number of each immune cell population was quantified using flow cytometry and 
expressed per gram of tumor. Data are shown as mean ± SEM, n=5 or 7, unpaired t-test. p values 
are as indicated. 

(B and C) Representative images (B) and quantification (C) of anti-CD45 staining in KPC 
orthotopic tumors treated with DMSO or EIPA. 64 or 66 fields (20x) for each group were analyzed. 
Data are shown as mean ± SD, unpaired t-test. n.s., not significant. Scale bar: 100 µm. 

(D) The percentage of CD4+ T cells or CD8+ T cells co-expressing PD-1 and Tim-3 in KPC 
orthotopic tumors treated with DMSO or EIPA. Data are shown as mean ± SEM, n=7, unpaired t-
test. n.s., not significant. 
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(E) KPC orthotopic tumors were generated in athymic nu/nu mice and treated with DMSO (n=9) 
or EIPA (n=10) for two weeks. Tumors were harvested and tumor weights were determined. Data 
are shown as mean ± SEM, unpaired t-test. *p<0.05. 

(F and G) Representative images (F) and quantification (G) of anti-CD4 staining in KPC 
heterotopic tumors treated with DMSO or EIPA. 43 or 56 fields (20x) for each group were analyzed. 
Data are shown as mean ± SD, unpaired t-test. **p<0.01. Scale bar: 100 µm. 

(H and I) Representative images (H) and quantification (I) of anti-CD8a staining in KPC 
heterotopic tumors treated with DMSO or EIPA. 49 or 55 fields (20x) for each group were analyzed. 
Data are shown as mean ± SD, unpaired t-test. *p<0.05. Scale bar: 100 µm. 

 

Supplemental Figure 7. Combination treatment with EIPA and immunotherapy suppresses 
intestinal and lung metastasis. 

(A) Scheme depicting the treatment protocol for EIPA and anti-a-PD1 combination therapy.  

(B) Mice bearing orthotopic PDAC tumors were treated with EIPA or anti-PD-1 antibody alone 
with vehicle or isotype antibody as the control. Overall survival was analyzed using Kaplan-Meier 
curves with the log-rank test. 

(C and D) Representative images (C) and quantification (D) of anti-CD8a staining in KPC 
orthotopic tumors after treatment. Images were analyzed: DMSO+IgG2a, 54 fields (20x) from 4 
tumors; EIPA+IgG2a, 41 fields (20x) from 5 tumors; DMSO+a-PD-1, 49 fields (20x) from 5 tumors; 
EIPA+a-PD-1, 43 fields (20x) from 4 tumors. Data are shown as mean ± SD, One-way ANOVA. 
***p<0.001. Scale bar: 50 µm. 

(E and F) Tumor macrometastases to the liver, intestine and diaphragm were analyzed. The 
number of mice with macrometastases in each organ site was calculated and shown in the table 
(E). The percentage of mice with evidence of macrometastases to the intestine, liver, or 
diaphragm was determined (F). Chi-squared tests. *p<0.05. 

(G) Representative images of Haemotoxylin and Eosin (H&E) staining of mouse lungs after 
treatment. Arrows indicate micrometastases. Scale bar: 100 µm. 

 

Supplemental Figure 8. EIPA expands tumor vasculature, enhances drug delivery, and 
improves PDAC therapeutic responses in combination with gemcitabine. 

(A and B) Anti-CD31 staining in KPC heterotopic tumors treated with DMSO or EIPA. 
Representative images are shown (A). The area of CD31+ blood vessels in the tumor sections 
was computed for each field and is shown relative to the control (B). n=3 or 4. Scale bar: 50 µm. 

(C and D) Confocal microscope images of entire KPC orthotopic tumors that were treated with 
DOX after treatment with DMSO or EIPA (C). Mean fluorescent intensity of the DOX 
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autofluorescence in the whole tumors was quantified and is shown relative to the control (D). Data 
are shown as mean ± SEM (n=9). Unpaired t-test. *p<0.05. 

(E and F) Representative images (E) and quantification (F) of anti-Ki-67 staining in KPC orthotopic 
tumors after treatment. Images were analyzed: DMSO, 53 fields (20x) from 5 tumors; EIPA, 70 
fields (20x) from 6 tumors; DMSO+Gem, 85 fields (20x) from 5 tumors; EIPA+Gem, 88 fields (20x) 
from 6 tumors. Data are shown as mean ± SD, One-way ANOVA. **p<0.01, n.s., not significant. 
Scale bar: 100 µm.  
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